were 78.0% ± 3.5%, 74.7% ± 1.2%, 68.4% ± 6.8%, and 64.0% ± 7.5%, respectively. The quadruple mutant strain that possessed the wild-type bacA showed almost identical UP level as the wild type strain W3110, indicating that sufficient level of UPP phosphatse activity was conferred by a bacA product without the products of ynbD, yeiU, ybjG, and pgpB. However, the mutants defective in bacA showed a slight but significant (p < 0.01) decrease in the UP level.
deletion mutant; lyophilized cell Undecaprenyl phosphate (UP) is a sugar carrier in the biosyntheses of peptidoglycan and other cell surface polymers (1) . UP is essential in forming undecaprenyl diphosphoryl sugar (UPP-sugar), which transports hydrophilic monomeric units of polysaccharides across the cell membrane to the external polymerization sites (2) . Undecaprenyl diphosphate (UPP), the precursor of UP, is synthesized by the sequential condensation of isopentenyl diphosphsate (IPP) to farnesyl diphosphate (3, 4) . Lipid phosphatases are integral membrane proteins that dephosphorylate UPP to produce UP (5-8).
BacA-type (5, 9) and the PAP-2 type (6, 7) lipid phosphatases are different classes of integral membrane proteins in Escherichia coli that dephosphorylate UPP. In the E. coli chromosome there are four genes that encode proteins with a PAP-2 type phosphatase motif (7) (Fig. 1 ). The chromosome also shows the presence of a bacA copy. Enzymatic activities of BacA, PgpB, YbjG, and YeiU dephosphorylate UPP to produce UP (5, 6, 8) . The
YeiU is also a phosphotransferase, which produces lipid A 1-diphosphate (10 Therefore, we specifically labeled UP and UPP with 14 C through feeding of [ 14 C]IPP to an E. coli strain.
The ratio of cellular levels of UP and UPP was then determined by measuring the radioactivities in these lipids. Because IPP is impermeable to growing cells, for labeling experiment, we prepared lyophilized cells that had been confirmed to retain normal metabolic activities (12) .
Materials and Methods
Strains and plasmids -Strains used in this study are described in Table 1 . A recJ strain KM354 (13) and deletion mutants (14) JWK1270, JWK2162, JWK3029, and JWK5112 were provided by Dr. Kenan C. Murphy from University of Massachusetts and Dr. Hirotada Mori from Nara Institute of Science and Technology, respectively. Plasmid pCP20 (15) and plasmid pKRP10 (16) ) were acquired from Amersham Bioscience and Wako Pure Chemical Industries, Ltd., respectively.
Plasmid construction -The ynbD gene was PCR-amplified from an E. coli W3110 chromosome using oligonucleotides ynbDfw and ynbDrv ( Table 2 ). The 1.7-kb PCR fragment was cloned into the pCR-2.1TOPO vector plasmid to construct a pCR-ynbD. pCR-ynbD was digested with SalI and ligated with a chloramphenicol-resistant 0.9-kb SalI fragment from pKRP10 to construct pCR-ynbD::Cm R . Strain construction -A strain carrying ynbD disrupted with the chloramphenicol-resistant cassette was constructed by transforming the recJ strain KM354 with the 2.6-kb PCR fragment that was amplified from pCR-ynbD::Cm R , using oligonucleotides ynbDfw and ynbDrv. The disrupted ynbD was introduced into W3110 by P1 transduction. Multiple-deletion mutants were generated by transduction of kanamycin resistant markers with phage P1, followed by excision of the cassettes from the chromosome (15) . P1 phages were prepared from strains of Keio collection (14) , JW2162 (yeiU::Km), JWK5112 (ybjG::Km), JWK1270 (pgpB::Km), and JWK3029 (bacA::Km). The disrupted gene was introduced into kanamycin-sensitive parental strains derived from W3110 by P1 transduction. Kanamycin-resistant clones were isolated and the disruption of the yeiU, ybjG, pgpB, and bacA genes in the chromosome was verified by PCR using oligonucleotides yeiUfw and yeiUrv, ybjGfw and ybjGrv, pgpBfw and pgpBrv, and bacAfw and bacArv, respectively ( Table 2) .
Excision of the kanamycin-resistance genes from the chromosome of the mutant was obtained by the transformation with pCP20. Antibiotic-sensitive clones were isolated, and the excision of the cassette was confirmed by PCR analysis as described above.
Preparation of lyophilized cells and 14
C labeling of cellular lipids -A previously described protocol (12) was slightly modified to prepare the lyophilized cells. Extraction and analysis of labeled lipids -Lipids were extracted with chloroform-methanol (1:1, v/v) according to the method of Bligh and Dyer (18) , and analyzed by thin-layer chromatography on silica gel 60 plate (Merck Co.) using diisobutyl ketone-acetic acid-water (8:5:1, v/v/v) as a mobile phase (12) . Radioactivity on the plate was detected by BAS-1000 (Fuji film Co.). For radioactivity quantification, the area containing each product was scraped off of the plate into a counting vial containing scintillator. ± 3.5%, 74.7% ± 1.2%, 68.4% ± 6.8%, and 64.0% ± 7.5%, respectively (Table 3 ). The quadruple mutant YS1234 that possessed the wild-type bacA showed almost identical UP level as W3110, indicating that a sufficient level of UPP phosphatase activity was conferred by a bacA product without the products of ynbD, yeiU, ybjG, and pgpB. However the quadruple mutants YS1235 and YS1245 that possessed wild-type pgpB and ybjG, respectively, showed slight but significant (p < 0.01) decrease in the UP level,
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indicating that either a product of pgpB or ybjG alone could confer the UPP phosphatase activity slightly lower than that in the wild type strain, which would prove enough for its growth in an antibiotic-free medium. 
Discussion
We prepared lyophilized cells and labeled UP and its derivatives in this study. We had previously confirmed that the labeled cells retained normal metabolic activity (12) . We had been able to grow the labeled cells in L-broth again, and to trace the metabolism of the labeled UP derivatives (12, 19) . In the growing cells, radioactivity in UPP-sugar had been as high as that in UP and UPP, whereas before growing in L-broth, radioactivity in UPP-sugar had been much lower than that in UP and UPP (12) . Because the labeled cells were not grown again in this study, radioactivity should primarily be in UP and UPP.
The UP level in multiple deletion mutants showed that BacA plays an essential role in dephosphorylating UPP. UP levels were maintained in the triple or quadruple mutants that lacked both the ybjG and pgpB genes. Although UP levels maintained by PgpB or YjbG alone were sufficient for growth in an antibiotic-free medium, these levels were slightly lower than that in the wild type strain. Thus, it is possible that this decrease in UP level causes hypersensitivity of the deletion mutants in bacA to bacitracin, the antibiotic that inhibits UPP dephosphorylation.
This is the first time that multiple-deletion mutants, including the ynbD deletion, have been constructed. Barreteau et al.'s estimated UPP value included that of UPP-sugar, which led to the over-estimation of UPP.
They assumed that the UPP-sugar content was low; whereas, our previous results suggested that the UPP-sugar content in growing cells was as high as that of UPP and UP (12) . Thus, direct measurement of UPP or UPP-sugar by liquid chromatography-mass spectrometry analysis would solve the difference of the results of two groups. 
